The relative pose estimation between the chaser and the non-cooperative target is a significant prerequisite for performing on-orbit servicing (OOS) missions. The chaser could design the close-range rendezvous trajectory to approach the non-cooperative target only when the relative pose parameters are obtained effectively and efficiently. In this paper, a pose estimation scheme is designed to obtain the relative pose parameters between the chaser and the non-cooperative target coated with multilayer insulation material (MLI). The scheme utilizes a time-of-flight (TOF) camera to acquire 3D point clouds of the non-cooperative target, and uses the iterative closest point (ICP) method to achieve the point cloud registration between every two frames. Aiming at decreasing the non-systematic errors caused by MLI in the data acquisition of the TOF camera, the corresponding point median filtering approach is adopted to filter out the bad corresponding point pairs generated in the ICP method. A semi-physical experiment is carried out to evaluate the performance of the proposed scheme, the result of which shows that the proposed scheme could notably improve the accuracy of pose estimation of the non-cooperative target, meanwhile the computational efficiency is also ensured.
I. INTRODUCTION
Today, more than 100 million artificial objects move in Earth orbits [1] . Many non-cooperative targets, including malfunctioning spacecraft, scrapped satellites and garbage debris, may not only threaten the safety of proper functioning spacecraft, but also occupy the Earth orbits and waste space resources. To extend the operative life of malfunctioning spacecraft, On-Orbit Servicing (OOS) missions are performed to repair or maintain them. Besides, Active Debris Removal (ADR) missions are frequently performed to remove scrapped satellites and garbage debris [2] - [4] .
Estimation of relative pose parameters (three translational coordinates and three rotational coordinates) between the chaser and the non-cooperative target is the key technology to achieve the OOS missions. After effectively obtaining the relative pose parameters, the chaser can design the close-range
The associate editor coordinating the review of this manuscript and approving it for publication was Halil Ersin Soken . rendezvous trajectory to approach the non-cooperative target. According to the specific mission scenario in space, a suitable pose determination technology needs to include the most suitable sensor and an effective pose estimation method. The types of sensor used in close-range tasks usually include monocular vision [5] - [9] , stereo vision [10] , [11] and lidar sensor [4] , [12] - [32] . The key of the pose estimation method largely depends on the characteristic of the non-cooperative target and the specific type of the sensor [25] .
If the illumination condition change dramatically in the space environment when performing close-range rendezvous and docking missions, the pose estimation method based on the assumption of illumination invariance will be invalid [33] . In addition, spacecraft surfaces are generally covered with multilayer insulation material (MLI), and the reflection characteristic of the MLI will easily lead to the overexposure of vision sensors [34] . Besides, performing close-range rendezvous and docking missions in dark condition, visual sensors need external illuminating equipment as light source, which will undoubtedly increase the power consumption in the process of pose estimation. Considering the above factors, time-of-flight (TOF) camera with characteristics of anti-interference, automatic lighting system and low power consumption is becoming more and more popular in the researches of pose estimation of the non-cooperative target [15] - [18] . The TOF camera is a kind of flash lidar sensor, which can obtain all the 3D point cloud information of the target at the current frame by one shoot. Such ability can reduce the distortion of sensor data caused by the fast relative motion between the target and the camera. Furthermore, TOF camera has many other advantages such as high frame rate, easy calibration, small size, simple structure and high integration. These advantages are conducive to its actual application in space missions.
The non-cooperative target can be divided into two categories, which are the targets with known geometrical information and targets with unknown geometrical information, respectively. At present, sufficiently efficient and accurate results have been obtained by the pose estimation approaches of the non-cooperative target with known geometrical information. These approaches include 3D point cloud feature matching methods [19] , 3D point cloud direct registration methods [20] - [23] , and the methods [24] , [25] combining 3D point cloud direct registration and hash table. The pose estimation methods of the non-cooperative target with unknown geometrical information have also been explored. Some researchers use the 3D point cloud feature matching techniques. These techniques firstly extract geometric features such as points, lines [26] and planes [27] , [28] or feature descriptors [22] , [29] of the target 3D point cloud, then adopt the corresponding feature matching methods to estimate the pose of the non-cooperative target. Others use the 3D point cloud direct registration approaches [30] , adopting the iterative closest point (ICP) method [35] and directly registering the XYZ coordinates between two point clouds to achieve pose estimation. If the number of points in the point cloud is too large, the direct registration method of 3D point cloud is extremely time-consuming, therefore the appropriate downsampling process needs to be adopted.
It is noteworthy that none of the studies mentioned above has considered the non-cooperative target coated with the MLI, which will be called band coating non-cooperative target in the following parts of this paper. However, in order to resist space radiation and improve the thermal environment of spacecraft, most of the surfaces on the spacecraft are generally coated with the MLI. For such kind of band coating non-cooperative target, some scholars have studied its pose estimation approaches [1] , [36] . However, relevant research literatures are still few and all of the research objects are the targets with known geometrical information. Thus in conclusion, the research on the pose estimation problem of the band coating non-cooperative target with unknown geometrical information is significant.
This paper studies the relative pose estimation problem between the chaser and the band coating non-cooperative target with unknown geometrical information in close range rendezvous and docking maneuvers. The main contribution of this paper is the propose of a pose estimation scheme to solve the above problem. The scheme utilizes the 3D point cloud direct registration method, and adopts the corresponding point median filtering approach to reduce the nonsystematic errors caused by MLI in the data acquisition of the TOF camera. The paper is organized as follows: Section II briefly introduces the error source of the TOF camera data and the errors caused by MLI; A detailed description of the pose estimation scheme is given in Section III; The performance of the scheme is evaluated through a semi-physical experiment in section IV; Section V is the conclusion.
II. ERROR ANALYSIS OF TOF CAMERA
TOF camera is a kind of depth camera that could provide intensity information and depth information of each pixel at the same time, but only the depth information is used in the paper. TOF camera is mainly composed of optical signal transmitter and optical signal detector. While observing an object, firstly the optical signal transmitter transmits modulated optical signal (generally near infrared light) to the object, then the optical signal detector receives the optical signal reflected by the object, and the depth information of the measured object is obtained by calculating the flight time of the optical signal.
The errors of the TOF camera are mainly divided into two categories: systematic errors and non-systematic errors [37] . Systematic errors include depth distortion, built-in pixelrelated errors and temperature-related errors. These errors can be eliminated by camera calibration. Non-systematic errors include signal-to-noise ratio distortion, motion blurring errors, light scattering errors and multi-light reception errors. The occurrence of the latter three non-systematic errors is unpredictable. Signal-to-noise ratio distortion is caused by uneven illumination of the scene, while in this paper the scene illumination is assumed to be uniform. Therefore, the signalto-noise ratio distortion is not considered. Motion blurring errors are caused due to the fast relative motion between camera and target. However, the relative motion between the camera and the target is slow in this paper, so the motion blurring errors are not considered either. The light scattering errors are caused by multiple light reflections between the camera lens and its sensor. Due to the energy gain produced by its adjacent pixels, the depth data of the affected pixel is underestimated [38] , as shown in Fig. 1 . The light scattering errors are meaningful only when there are nearby objects in the scene. The closer the nearby object results the higher interference [39] . In Fig. 1 , S(1), S(2) and S(3) represent three pixels on the image plane respectively, and the depth data of S(2) and S(3) is underestimated because of the energy gain produced by S(1). Besides, the depth data of S(3) is more susceptible to S(1) interference than that of S(2). Multi-light reception errors are caused by multiple reflected light signals captured at some pixels and the presence of object depressions, and depends on the resolution of the camera and the geometry of the object in the scene [37] , as shown in Fig. 2 . The transmitter transmits an optical signal to the observed object, then the detector receives two optical signals reflected back from the object. How to deal with the multi-light reception errors is still an open question [41] .
The MLI considered in this paper is composed of Kapton layers and aluminized backing, as shown in Fig. 3 . The reflection characteristic of the MLI is specular reflection [35] , and the reflection characteristic of the uncoated non-cooperative target is diffuse reflection, which makes the pose estimation of the band coating non-cooperative target very different from the one without MLI. If the MLI is not flatly attached to the surfaces of the spacecraft, the surfaces of spacecraft will be uneven because of the installation process, the high area-to-mass ratio of the material and its sensitivity to radiation pressure disturbance, as shown in Fig. 4 . Obviously, the uneven surfaces of MLI will inevitably introduce multilight reception errors to the data acquired by the TOF camera. When the TOF camera is calculating the depth data of an area of a non-cooperative target surface, the uneven areas around it could be regarded as some other nearby objects, which will introduce light scattering errors. Thus in the process of data acquisition of the TOF camera, multi-light reception errors and light scattering errors will be coupled, and at present there is no technology to decouple these two types of errors [37] .
III. POSE ESTIMATION SCHEME FOR A BAND COATING NON-COOPERATIVE TARGET
In this section, the coordinate systems of the pose estimation scheme are established firstly. Then, the calculation method of relative pose parameters between the chaser and the noncooperative target are proposed. Finally, we give a detailed description of the pose estimation scheme for a band coating non-cooperative target.
A. COORDINATE SYSTEM DEFINITION AND RELATIVE POSE PARAMETERS
Considering a chaser and a non-cooperative target in the OOS missions, a TOF camera is installed on the front end of the chaser, as shown in Fig. 5 .
Since the TOF camera is fixed on the chaser, the bodyfixed coordinate system on the chaser can be obtained by a certain transformation of the body-fixed coordinate system on the TOF camera, therefore the relative pose between the chaser and the non-cooperative target can be described by that between the TOF camera and the non-cooperative target. Coordinate systems is defined as shown in Fig. 5 to illustrate the relative pose between the TOF camera and the noncooperative target. The body-fixed coordinate system of the TOF camera at the initial moment is
is located on the optical center of the TOF camera, z 1 S axis points to the line of sight of the camera, while x 1 S axis and y 1 S axis are respectively parallel to the x axis and y axis of the image coordinate system of the camera. In order to estimate the relative pose between the TOF camera and the non-cooperative target, the reference coordinate system has to be determined. Since the information of the non-cooperative target is completely unknown, the bodyfixed coordinate system O C − x C y C z C on the non-cooperative target cannot be established, which makes it impossible to use O C − x C y C z C as the reference coordinate system. In this paper, the reference coordinate system O T − x T y T z T is established at the centroid of the first frame 3D point cloud of the non-cooperative target. The first frame 3D point cloud is acquired by the TOF camera at the initial moment of motion, where x T axis, y T axis, and z T axis are parallel to the x 1 S axis, y 1 S axis, and z 1 S axis respectively. The coordinate system O i S − x i S y i S z i S represents the body-fixed coordinate system on the TOF camera at the moment when the camera acquires the i-th frame 3D point cloud. The movement of the TOF camera can be represented by the transformation matrix
H i is the unknown quantity of the solution required for performing the pose estimation, which can be denoted by six pose parameters including three rotation components and three translation components. The specific expression of H i is written as
in which 0 is a three-dimensional row zero vector, and the rotation matrix R i and the translation matrix T i are expressed as
where α i , β i and γ i respectively indicates the roll angle, pitch angle and yaw angle around the x T , y T and z T axes, while x i , y i and z i represent three translation components along the three axes.
When the TOF camera acquires the first frame 3D point cloud P 1 of the non-cooperative target, P 1 is used as the benchmark 3D point cloud (B = P 1 ), and H 1 is written as
in which x 1 , y 1 and z 1 represent the relative position between the TOF camera and the non-cooperative target at the initial moment, and they are assumed as known parameters in this paper. Since H 1 is known and fixed, and the parameters of H 1 will not affect the performance of pose estimation. Thus x 1 , y 1 and z 1 are assumed as 0 for simplification. Assuming that the i-th frame 3D point cloud of the noncooperative target acquired by the TOF camera is P i , the pose estimation process of the non-cooperative target can be described as follows. Firstly, when a TOF camera tracks a non-cooperative target, the camera obtains the i-th frame 3D point cloud P i . Then P i is placed in the reference coordinate system O T − x T y T z T , which is determined by P 1 . Finally, the point cloud registration method is used to register P i and P 1 in the reference coordinate system to obtain the transfor-
The pose estimation scheme proposed in this paper is shown in Fig. 6 . The only input of the proposed scheme is the 3D point clouds generated from the depth maps, which is obtained by the TOF camera. The output is the transformation
In order to alleviate the cumulative error during point cloud registration process, key-frames need to be set and continuously updated [42] . In this paper, the translation threshold and the rotation threshold of key-frame is denoted by t threshold and θ threshold , respectively.
As shown in Fig. 7 , after the camera rotates θ threshold around the target, the translation distance of the camera can be expressed as t = 2r sin θ threshold 2 (6) where r is the distance between the target and the camera. If t threshold < t, the value of t threshold will be decisive in the process of key-frame selection, otherwise the θ threshold will be the decisive value. For instance, when θ threshold = 1.5 • , t = 0.1702m is obtained from (6) . t threshold is the decisive factor of key-frame selection when t threshold is less than 0.1702m, otherwise θ threshold is the decisive factor of key-frame selection. to O T − x T y T z T . P 1 is set as a key-frame 3D point cloud (K 1 = B = P 1 ), and H K 1 = H 1 . The processed key-frame 3D point cloud K ' 1 is obtained after the point cloud operations including outlier removal [43] and down-sampling [44] . The outlier removal operation is implemented by computing the mean µ and standard deviation σ of the distance d from each point to its nearest k neighbors, and then trimming the points of which the value of d fall outside the µ ± α · σ . The value of α depends on the size of k. The down-sampling operation is achieved by creating 3D voxel grids with side length l and then all the points in each voxel grid will be replaced by their centroid. Comparing to the traditional pose estimation scheme 1 (the traditional ICP scheme for short) which uses the ICP method and adopts a down-sampling operation after the 1 https://github.com/cvanweelden/ICP-Project outlier removal operation, the proposed scheme executes the down-sampling operation both before and after the outlier removal operation, which can effectively reduce the time consumption while guaranteeing the accuracy of the algorithm.
When the TOF camera acquires the i-th frame 3D point cloud P i (i > 1) of the non-cooperative target, P ' i is firstly obtained by performing the same point cloud processes as what has been done to K 1 . Secondly, P ' i and K ' 1 are registered by utilizing the ICP method to minimize the following objective function
where · 2 is the 2-norm operator, R are the corresponding point pairs. The candidates corresponding point pairs are generated by finding the points with distance less than a certain threshold. Meanwhile a corresponding point median filtering approach [45] is utilized to filter out bad corresponding point pairs generated in the ICP method. Specifically, the distance d k (k = 1,. . . ,K) between the corresponding point pairs is firstly calculated by
from which the median distance d median of d k (k = 1,. . . ,K) can be obtained. Finally, the corresponding point pairs whose distance d k is greater than d median will be filtered out. Then the pose transformation matrix H iK 1 is
Finally, the transformation matrix
The rotation component and translation component of H iK 1 are obtained by
where ( · ) toAngleAxisd is the transformation from rotation matrix to axis-angle. When H iK 1 exceeds the key-frame threshold, i.e. θ iK 1 > θ threshold or t iK 1 > t threshold , the current frame P i is set to be the new key-frame K 2 , namely K 2 = P i ,
The corresponding points median filter method used here is to deal with the set of corresponding point pairs generated in the ICP method. If the quality of point clouds acquired by the TOF camera is good enough, the corresponding point pairs generated in the ICP method are basically correct, which ensures the effectiveness of the ICP method in dealing with such point clouds. However, in this paper, the point clouds acquired by the TOF camera contain a large amount of nonsystematic errors when estimate the pose of the band coating non-cooperative target (see Section II for details). Some corresponding point pairs are mismatched because of these nonsystematic errors, which will seriously affect the accuracy of point cloud registration. There is no effective solution to eliminate these non-systematic errors at present. Therefore, the number of mismatched point pairs must be minimized. In this paper, corresponding points median filtering approach is used to reduce the number of mismatched pairs of corresponding points generated in the ICP method and improve the accuracy of point cloud registration. The effectiveness of the proposed scheme will be verified and illustrated in the following experiment.
IV. EXPERIMENT
In order to verify the performance of the pose estimation scheme proposed in this paper, a semi-physical experiment is carried out with a semi-physical simulation system. The experiment was carried out in a microwave anechoic chamber in order to eliminate the signal-to-noise ratio distortion of the TOF camera and filter out the environmental data in the depth map obtained by the TOF camera.
The test condition is briefly introduced in this section, then the performance of the proposed scheme is evaluated.
Considering the values of the thresholds of the key-frame may significantly affect the accuracy level of the pose estimation scheme, groups of different thresholds are set and the influence of them on the results is compared and discussed at the last of the experiment.
A. TEST SETUP
According to the maximum axis principle, uncontrolled spacecraft will perform the uniaxial rotation after a period of time. So a non-cooperative target with uniaxial rotation can represent the on-orbit scenario of non-cooperative target to a certain extent. Thus in the experiment, a non-cooperative target rotating uniaxial is adopted as the experimental object. The target is fixed on a turntable which provides the rotating motion of the target.
Because solar panels will absorb infrared light emitted by the TOF camera, the distance information of solar panels can hardly be detected by the TOF camera. Therefore, solar panels are not considered in the experiment. Assuming that the target is a cube, when the angle between the direction of the sight of the TOF camera and the external normal direction of the surface on the target is bigger than 135 • , the TOF camera cannot obtain the depth information of the other surfaces of the cube because the optical signal is specular reflected by the surfaces of the target. So, the main body of the target in the experiment is a band coating plate. The schematic diagram of the experimental scene is given in Fig. 8 . It should be noted that a tail nozzle made of absorbent material and a ring protrusion are attached to the target flat plate in order to simulate the real situation. The TOF camera is represented by the black block at the left in Fig. 8 .
The TOF camera used in the experiment is a DME660 2 commercial camera module. The DME660 parameters and other experimental parameters are listed in Table 1 . The computer used in the experiment is configured as a 4-core 3.60 GHz CPU and a 3GB RAM. The programming language is C++ and the PCL (Point Cloud Library) library 3 is used.
In the experiment, the TOF camera is kept motionless and the target rotates uniformly around the y C axis. In order to analysis the effect of MLI on TOF data, the target initially remain immobility during the first 30 frames of the TOF image acquisition. Then the target is driven to rotate uniformly around the y C axis and stops after the target rotates 12 • . The depth map of the target obtained by the TOF camera and the point cloud map transformed from the depth map are shown in Fig. 9 . The circular holes in the center of the two maps are generated since the tail nozzle is made by absorbent material, thus the depth information of the tail nozzle cannot be obtained by the TOF camera. In addition, because the MLI introduces multi-light reception errors and light scattering errors into the data acquired by the TOF camera, the 3D point cloud data contains many errors.
B. RESULTS OF POSE ESTIMATION
In this section, the performance of the proposed pose estimation scheme is evaluated by comparing it with the traditional ICP scheme and the GICP [46] scheme (a ICP variant algorithm). The rotation threshold θ threshold of key-frame is set as 1. 
where m exp represents the experimental values, while m real represents the real parameters of motion. In addition, the three mainly concerned arguments including the fitness score, the number of corresponding points and the time consumption are compared, which could help us to evaluate and analyze the performance of the three schemes. The first argument represents the average distance between the closest point pairs while the registration of two point clouds is completed, the smaller the average distance is, the better the registration effect is. The second argument represents the number of corresponding point pairs generated in the proposed scheme and the traditional ICP scheme. Because GICP is a planeto-plane matching approach, the corresponding points pairs does not exist in the GICP scheme. The time consumption represents the total time used in the whole process. The pose estimation results and corresponding errors e m (m = α, β, γ , x, y, z) of the three schemes are obtained, as shown in Figs. 10 and 11 . In which, ''Proposed'', ''ICP'' and ''GICP'' respectively represents the results of pose estimation by using the proposed scheme, the traditional ICP scheme and the GICP scheme. The ''Ground truth'' is the real parameters of motion and is obtained by the turntable. The following part of the paper will follow the same regulation.
As illustrated in Figs. 10 and 11 , the results of pose estimation are not zero during the process of the TOF camera acquiring the first 30 frames depth map, though the target remains motionless. The reason is that, on the one hand the MLI is not flatly stick to the surface of the target, on the other hand it has the characteristic of high area-to-mass ratio, which make it be slightly shaken by environmental disturbances. Therefore, the depth maps obtained by the TOF camera slightly oscillate though the target does not move, which will cause the nonzero transformation values in Figs. 10 and 11. Besides, in this period of the experiment, the pose estimation results obtained by the three schemes are basically the same.
When the target starts to move, under the influence of cumulative error, the position and attitude errors obtained by the three schemes will increase. But the performance of the proposed scheme is obviously better than the two other schemes, the translation errors and the attitude errors obtained by the proposed scheme are kept within 5cm and 0.5 • respectively. It is noteworthy that the proposed scheme effectively reduces the cumulative error of motion coordinates (pitch coordinate, translation coordinates in the X and Z directions), but has little effect on the cumulative error of non-motion coordinates (roll angle coordinate, yaw angle coordinate and translation coordinate in the Y direction).
After the target has rotated 12 • , the target stops moving, meanwhile the TOF camera obtains the 78-th frame depth map. It can be seen that though the target remains stationary after acquiring the 78-th frame map of the TOF camera, the results of pose estimation still oscillate slightly, which meets with the situation of the first 30 frames.
The fitness score obtained by the three schemes is shown in Fig. 12 . It could be known that the registration effect of every two frames point cloud of the proposed scheme are basically the same as that of the other two schemes, but the proposed scheme can effectively reduce the cumulative error of motion coordinates in Figs. 10 and 11 . This shows that the proposed scheme can effectively reduce the number of mismatched corresponding point pairs, thus the global optimal solution rather than the local optimal solution of point cloud registration is more likely to be achieved.
The numbers of corresponding points obtained by the proposed scheme and the traditional ICP scheme are shown in Fig. 13 . The numbers of corresponding points obtained by the proposed scheme is about half of that by the traditional ICP scheme. The reason is that the proposed scheme only uses about half of the good corresponding points pairs generated in the traditional ICP scheme, which can effectively improve registration accuracy of the point clouds.
In order to achieve the real-time performance of the operation, it's better to use the less time consuming pose estimation scheme. The time consumption of the three schemes in the experiment is illustrated in Fig. 14. The time consumption of the proposed scheme is about half of the traditional ICP scheme and far less than the GICP scheme, which is because of the adoption of two down-sampling operations (see Section III.B for detail). The time consumption of the proposed scheme is kept within 0.25s, which means that the operation utilizing the proposed scheme can reach 4Hz and meets the real-time performance requirements.
C. EFFECT OF KEY-FRAME THRESHOLD
In this section, the effect of the key-frame threshold values to the accuracy of the pose estimation results is discussed. By experience, the values of t threshold and θ threshold are listed in Table 2 . Mean square error (MSE) is used to evaluate the accuracy of the results and obtained by
where m i exp and m i real respectively represents the i-th calculation results and the i-th real parameters of motion. n represents the number of depth maps obtained in the experiment and equal to 88 in the experiment.
Using different values of key-frame thresholds to process the 3D point clouds of the non-cooperative target obtained by the TOF camera, the EMS values for all the situations will be obtained, as shown in Fig. 15 . In which, ''1.3'', ''1.4'', ''1.5'', ''1.6'' and ''1.7'' represent the cases where θ threshold equals to 1.3 • , 1.4 • , 1.5 • , 1.6 • , and 1.7 • , respectively.
As illustrated in Fig. 15 , the accuracy level of the results will not be effected by the increase of θ threshold when t threshold is less than 0.2m, and not be effected by the increase of t threshold when t threshold is greater than or equal to 0.2m. The reason is that the values of t corresponding to the values of θ threshold is less than 0.2m refer to Table 2 , thus t threshold is decisive in the process of key-frame selection when t threshold is less than 0.2m, otherwise θ threshold is the decisive value. In addition, the accuracy of the results is significantly better when t threshold is greater than or equal to 0.2m and θ threshold is between 1.4 • and 1.6 • . Therefore, the values of t threshold and θ threshold are respectively set as 0.4m and 1.5 • is reasonable in the experiment of the previous section.
D. DISCUSSION
From the experimental results in Section IV.B, we can see that the proposed pose estimation scheme can accurately estimate the relative pose parameters between the chaser and the band coating non-cooperative target with unknown geometrical information, meanwhile the time consumption is small enough to perform the real-time operations. In the experiment, the attitude errors of the proposed scheme is less than 0.5 • and the translation errors is less than 5cm. The performance of the scheme in the paper is obviously better than the traditional ICP scheme and the GICP scheme. The reason is that the data acquired by the TOF camera contains a large number of non-systematic errors, and at present there is no technology to eliminate these non-systematic errors. Thus the only way is to minimize the impact of these non-systematic errors on pose estimation results. In the proposed scheme, only the good half of the corresponding point pairs generated in the ICP method are utilized, which can effectively improve the accuracy of point cloud registration.
It can be seen from the experimental results in Section IV.C that the accuracy level of the pose estimation scheme is low when t threshold is less than t and θ threshold is less than 1.4 • . The reason is that the cumulative error will rapidly increase when the values of t threshold or θ threshold are too small. Besides, if the value of θ threshold is too great, the number of mismatched point pairs in the point cloud registration will increase, which will decrease the accuracy of pose estimation scheme. Thus, a greater value of t threshold and a suitable value of θ threshold should be adopted in the pose estimation scheme.
V. CONCLUSION
In this paper, a pose estimation scheme is proposed to obtain the relative pose parameters between the chaser and the band coating non-cooperative target with unknown geometrical information. The ICP method is adopted to register the point clouds of the target, and the corresponding point median filtering approach is utilized to reduce the number of mismatched corresponding point pairs generated in the ICP method. Based on the combination of the ICP method and the corresponding point median filtering approach, the proposed pose estimation scheme can accurately estimate the relative pose parameters between the chaser and the target, meanwhile the time consumption is small enough to perform the real-time missions. A semi-physical experiment verifies that the proposed scheme can obtain more accurate result than the traditional ICP scheme and the GICP scheme, meanwhile remain a highly efficiency. In addition, the proper selection of key-frame threshold values can effectively improve the performance of the pose estimation scheme.
It need to explain that the proposed scheme still has few limitations. For instance, the proposed scheme can only carry out pose tracking, so it must be integrated with an effective pose initialization algorithm for practical application. Besides, the paper only considers a target with simple geometric structure as the experimental subject, so the proposed scheme may not be applicable to the target with complex geometric structures. Finally, the proposed approach may not be applicable to the tumbling targets and targets with high rotational speeds.
In the future, some works will concentrate on these aspects: (1) A target with complex geometric structure is taken as research object. (2) Studying the pose estimation problem of high-speed tumbling and band coating non-cooperative targets with unknown geometrical information. (3) Studying the learning-based methods of pose estimation problem of non-cooperative targets.
